Glycogen synthase kinase 3 (GSK3) is a serine-threonine kinase that regulates mammalian circadian rhythms at the behavioral, molecular and neurophysiological levels. In the central circadian pacemaker, the suprachiasmatic nucleus (SCN), inhibitory phosphorylation of GSK3 exhibits a rhythm across the 24 h day. We have recently shown that GSK3 is capable of influencing both the molecular clock and SCN neuronal activity rhythms. However, it is not known whether GSK3 regulates the response to environmental cues such as light. The goal of this study was to test the hypothesis that GSK3 activation mediates light-induced SCN excitability and photic entrainment. Immunofluorescence staining in the SCN of mice showed that late-night light exposure significantly increased GSK3 activity (decreased pGSK3b levels) 30-60 min after the light-pulse. In addition, pharmacological inhibition of GSK3 blocked the expected light-induced excitability in SCN neurons; however, this effect was not associated with changes in resting membrane potential or input resistance. Behaviorally, mice with constitutively active GSK3 (GSK3-KI) re-entrained to a 6-h phase advance in the light-dark cycle in significantly fewer days than WT control animals. Furthermore, the behavioral and SCN neuronal activity of GSK3-KI mice was phase-advanced compared to WT, in both normal and light-exposed conditions. Finally, GSK3-KI mice exhibited normal negative-masking behavior and electroretinographic responses to light, suggesting that the enhanced photic entrainment is not due to an overall increased sensitivity to light in these animals. Taken together, these results provide strong evidence that GSK3 activation contributes to light-induced phase-resetting at both the neurophysiological and behavioral levels.
Introduction
Entrainment is the process by which internal circadian rhythms are synchronized to the external environment. Although there are many environmental factors that can influence circadian rhythmicity (i.e. food availability, novelty-induced exercise), light is the major entraining signal to the master circadian pacemaker, the suprachiasmatic nucleus [SCN; (Czeisler, 1995; Golombek & Rosenstein, 2010) ]. Exposure to light at specific times of the night shifts the phase of the molecular clock and behavioral activity rhythms (Golombek & Rosenstein, 2010) . This process of phase-resetting in response to an acute light-pulse (LP) begins with glutamate release from the retinohypothalamic tract onto SCN neurons Shibata et al., 1986; Hannibal, 2002) and activation of NMDA receptors (Colwell & Menaker, 1992) , resulting in an influx of Ca 2+ (Colwell, 2001 ) and subsequent activation of multiple signaling cascades. These cascades, which include activation of the mitogen activated protein kinases (MAPKs) extracellular signalrelated kinases 1 and 2 [ERK1/2; (Obrietan et al., 1998; Butcher et al., 2003) ], lead to the rapid induction of genes, including period1 [Per1; (Tischkau et al., 2003) ]. In the late-night, this upregulation of Per1 is followed by a persistent increase in SCN neuronal activity 3-5 h later (Kuhlman et al., 2003) . Although many studies have examined the molecular events involved in the process of phase-resetting, very little is known about links connecting light-induced molecular events to neurophysiological excitability (Colwell, 2011) . One candidate mediator is glycogen synthase kinase 3 (GSK3), a serine-threonine kinase that is an emerging regulator of mammalian circadian rhythms. Much of the previous research on the role of GSK3 in the circadian system has focused on its phosphorylation of multiple components of the coremolecular clock (Iitaka et al., 2005; Kurabayashi et al., 2010; Sahar et al., 2010) . However, we have recently reported that chronic GSK3 activation increases SCN neuronal activity, whereas GSK3 inhibition decreases SCN neuronal activity, highlighting GSK3 as a regulator of neurophysiological rhythms as well (Paul et al., 2012 (Paul et al., , 2016 . Thus, GSK3 is in a unique position to provide the link between molecular rhythms and neuronal excitability. In addition, research examining the role of GSK3 in the process of phaseresetting has been limited. Therefore, the goal of this study was to test the hypothesis that GSK3 activation mediates light-induced SCN excitability and photic entrainment.
Materials and methods

Animals
The experimental protocols in this study were approved by the University of Alabama at Birmingham Institutional Animal Care and Use Committee (IACUC). All experiments were conducted in accordance with University of Alabama at Birmingham IACUC guidelines and the NIH Guide for the Care and Use of Laboratory Animals. All mouse strains were backcrossed on a C57BL6/J background for at least 10 generations. For the experiments in Fig. 3 , homozygous GSK3a/b 21A/21A/9A/9A (GSK3-KI) mice (McManus et al., 2005) were compared with age-matched wildtype (WT) controls [as in (Paul et al., 2012) ]. For all other experiments, WT and GSK3-KI mice were homozygous for the Per1::GFP transgene reporter (Kuhlman et al., 2003) . Mice (3-7 months old) were group-housed in a 12 : 12 light/dark (LD) cycle (unless stated otherwise) with food and water ad libitum. Due to the increased variability in activity onset seen in female mice (Iwahana et al., 2008) , only male mice were used for behavioral measures; however, both male and female animals were used for all other experiments. All animals were euthanized by cervical dislocation and decapitation. Mice were sacrificed between Zeitgeber Time (ZT) 22-23 (where ZT 0 equals time of lights-on) for all experiments.
Behavior
Mice were housed in individual wheel cages, and wheel-running activity was recorded and analyzed using CLOCKLAB software (Actimetrics, Wilmette, IL, USA). The phase angle for each mouse was determined prior to shifting the light cycle by 6 h. Animals were considered to be entrained when the activity onset occurred within 20 min of the baseline phase angle. For the negative masking experiments, mice were maintained in LD, and exposed to 4-h LP of increasing intensity (~5-lux, dim red light;~10-lux, dim white; and 300-lux, bright white light) each night (ZT 14-18), with a 24-h period of normal LD in between. The amount of activity during the LP was compared to the activity at the same time on the previous night.
For acute LP experiments, we used a modified Aschoff type-II protocol (Jud et al., 2005) in which mice in LD were released into constant dark (DD) for 10 days (LPÀ), re-entrained to LD for 14 days, released into DD again, and exposed to a 1-h LP (~300-500 lux; 3350K; F8T5/CW bulb) at ZT 22 on the first day in DD (LP+). To eliminate the non-photic effects of wheel-running, the running-wheel was locked during the 1-h LP and during the equivalent time in the LPÀ condition (ZT 22-23 on first day in DD). Regression lines were fit to the activity onsets on the last 5 days in LD and on days 4-10 in DD. The magnitude of the phase-shift was calculated as the difference between the activity onsets predicted by each fit line on the second day in DD. Activity onsets were determined by eye by an observer blind to the genotype of each animal.
Electrophysiology
WT and GSK3-KI mice, crossed with homozygous Per1::GFP mice, were held in a 12 : 12 LD cycle and were exposed to a 15-min LP ( (Paul et al., 2016) ] or vehicle (DMSO; 0.002%) for 1-h (ZT 23-24). Slices were then transferred to a recording chamber and continuously perfused (2 mL/min) with oxygenated, normal saline heated to 34 AE 0.5°C. Cells were visualized using an Axio Examiner microscope (Zeiss) equipped for near-IR-DIC and epi-fluorescence (excitation spectrum BP 470/40). Glass pipettes were pulled at a resistance of 3-5 MΩ and filled with a filtered internal solution (in mM: 135 K-gluconate, 10 KCl, 10 HEPES, 0.5 EGTA; pH 7.4). Electrophysiological signals were processed and controlled by a Multiclamp 700B amplifier and PCLAMP 10.02 software (Axon Instruments, Union City, CA, USA) in gapfree or current-clamp mode. Recordings were sampled at 20 kHz and filtered at 10 kHz. Spontaneous firing rate was measured as the average action potential frequency from a 2-min recording. Resting membrane potential (RMP) was determined at the half-width voltage between action potentials. All recordings were made between ZT 1-3 or ZT 0-3.
Immunohistochemistry
Per1::GFP mice were exposed to a 15-min light pulse (~300-500 lux) at ZT 22, returned to darkness, sacrificed and enucleated 30 or 60 min later. Brains were harvested and processed for IHC using rabbit anti-pGSK3b (1 : 1000; Cell Signaling, Danvers, MA, USA) and mouse anti-rabbit Alexafluor 488 (1 : 500; Invitrogen). Importantly, we confirmed in a separate cohort of animals that no fluorescence signal was detectable in the 488 nm excitation range in SCN from Per1::GFP mice to justify using the Alexa Fluor 488 secondary antibody for the detection of phospho-GSK3b (data not shown). GSK3a phosphorylation was not examined due to a lack of available IHC compatible antibody. All images were captured on a Leica confocal microscope at the same laser intensity, contrast and gain settings. Fluorescence intensity (arbitrary units) was measured in IMAGE J software (NIH) by drawing a standard region of interest for the whole SCN. The background intensity, taken from the anterior hypothalamus just outside the SCN was subtracted from all values. Data are presented as mean intensity AE SE.
Electroretinographic (ERG) Recordings
Standard electroretinography recording techniques were used (Viswanathan et al., 1999; Clark & Kraft, 2012) . Following overnight dark adaptation, mice were anesthetized under dim red illumination with 100 mg/kg ketamine and 10 mg/kg xylazine. Under anesthesia, both eyes were treated with proparacaine HCl (0.5%) followed by a mixture of phenylephrine HCl (2.5%) and tropicamide (1%) for pupil dilation. A gold reference electrode was electrically connected to one eye and a platinum wire fiber-optic combination was connected to the other. Light stimuli were delivered directly onto the eye through the fiber-optic with a 100-W tungsten bulb light-source. Calibrated neutral density filters were used to control stimulus intensity, and the stimulus wavelength was set by a 505 nm band pass filter (35 nm FWHM full width at half maximum). Stimulus flashes (2 ms) were controlled by a computer-driven Uniblitz shutter. Electrical responses were amplified (CP122W; Astromed; DC 300 Hz) and digitized at 2 KHz (Real-Time PXI Computer; National Instruments). Data analysis was performed using IGOR software (WaveMetrics). The data in Fig. 4 were low-pass filtered at 40 Hz post-hoc.
Data analysis and availability
All statistics were calculated using SPSS 22 software. Data were analyzed with independent samples t-tests, two-way ANOVAs, two-way mixed-design ANOVAs and linear-mixed model ANOVAs (using the Generalized Estimating Equations in SPSS). Where indicated, post hoc tests were conducted using Tukey's HSD or Fisher's LSD for planned comparisons. Significance was ascribed at P < 0.05. The data that support the findings of this study are available from the corresponding authors upon reasonable request.
Results
Late-night light exposure induces GSK3b activation in SCN
In the early stages of photic-phase-shifting, signal cascades such as the MAPK (Obrietan et al., 1998) or the mammalian target of rapamycin (mTOR) pathways (Cao et al., 2008) are activated through kinase phosphorylation (e.g. induction of pERK1/2, p-p70 S6 kinase), initiating the molecular response to photic stimuli. To determine whether GSK3 was among the kinases involved in late-night phase-resetting, we exposed WT mice to a 15-min LP at ZT 22 and examined phosphorylation of GSK3b (pGSK3b) levels in the SCN of light-exposed and no light controls at 30 and 60 min after LP onset. In control animals, pGSK3b levels were high throughout the whole SCN (Fig. 1A) as expected, according to previously published research (Iitaka et al., 2005) . Exposure to a LP significantly activated (dephosphorylated) GSK3b (two-way ANOVA, main effect of light, F 1,8 = 25.268, P = 0.001; n = 3 mice per group per time point; Fig. 1B ) at both time points, reducing pGSK3b levels by more than 50% overall.
GSK3 activation is necessary for light-induced SCN neuronal activity
Three to five hours following late-night light exposure, electrical activity is persistently elevated in the light-responsive neurons of the SCN, which can be identified using the Per1::GFP reporter mouse model (Kuhlman et al., 2003) . Recent work in the SCN has demonstrated that GSK3 activation promotes neuronal excitability (Paul et al., 2012) , while GSK3 inhibition suppresses neuronal activity (Paul et al., 2016) ; therefore, we next sought to determine whether GSK3 activation was necessary for light-induced increase in SCN firing. To do this, a 15-min light pulse was administered at ZT 22, after which mice were immediately sacrificed for slice preparation and in vitro GSK3 inhibitor application. Specifically, acute brain slices from light-exposed (LP+) or no light control (LPÀ) Per1:: GFP mice were treated with CHIR-99021 (CHIR; 1 lM) or vehicle (DMSO; 0.002%) for 1 h (ZT 23-24), and fluorescence targeted loose-patch recordings on SCN neurons were performed 3-5 h after light exposure (ZT 1-3). As expected, light-exposure significantly increased the spontaneous firing rate (SFR) in vehicle-treated slices, with LP+ cells spiking at a rate more than 2.5 times faster than LPÀ cells, on average (two-way ANOVA, light X treatment interaction, F 1,165 = 7.849, P = 0.006; Tukey's HSD post hoc test, P = 0.000; n = 41-43 cells, 3-4 mice per group; Fig. 2A, B) . However, CHIR treatment significantly suppressed the SFR of LP+ neurons compared to vehicle treated LP+ cells (P = 0.008), such that the mean SFR of SCN CHIR treated LP+ neurons was essentially equal to that of the CHIR-treated LPÀ cells (Tukey's HSD post hoc test, P = 0.997). Interestingly, there was no difference between vehicle and CHIR treated LPÀ groups, suggesting that the effect of CHIR was specific to light-induced excitability (Tukey's HSD post hoc test, P = 0.88).
To examine if GSK3 inhibition during a shorter window of time would be sufficient to block light-induced SCN excitability, we treated SCN slices from LP+ animals with CHIR or vehicle for 15 min ) and performed targeted loose-patch recordings as described above. Surprisingly, the SFR of LP+ neurons exposed to a 15-min CHIR treatment was significantly reduced compared to vehicle-treated neurons (means AE SEM: CHIR, 3.65 AE 0.63; vehicle, 5.18 AE 0.44; independent samples t-test, t 50 = 2.053, P = 0.045; n = 22-30 cells per group, 2-3 mice per group).
The increase in SCN activity following a late-night LP has previously been associated with a depolarized resting membrane potential and increased input resistance (Kuhlman et al., 2003) . To determine whether GSK3 inhibition blocked light-induced excitability by acting on the membrane properties of the cell, we performed wholecell current clamp recordings in LP+ slices treated for 1 h with either CHIR or vehicle using the same paradigm as above. There were no significant differences in the resting membrane potential (independent samples t-test, t 27 = 0.434, P = 0.668; n = 13-15 cells, 2-3 mice per group; Fig. 2C, D) or input resistance (t 25 = 1.066, P = 0.296; Fig. 2C , E) between LP+ vehicle-or CHIR-treated cells.
Chronic activation of GSK3 enhances behavioral and neurophysiological response to light
We next sought to determine the role of GSK3 activation in regulating the effect of light on circadian rhythms at the behavioral level by comparing WT mice to mice with constitutive activation of GSK3 (i.e. GSK3-KI mice) such that both a and b isoforms of GSK3 can no longer be phosphorylated and inactivated (McManus et al., 2005; Paul et al., 2012) . To examine the effect of chronic GSK3 activity on photic entrainment, we first measured the rate of entrainment of GSK3-KI and WT mice after a 6-h advance of the light cycle (Fig. 3A, B) . In the 5 days prior to the shift, GSK3-KI mice showed a significantly earlier activity onset, compared to WT mice (means AE SEM: GSK3-KI, ZT 11.98 AE 0.08; WT, ZT 12.28 AE 0.09; two-way mixed design ANOVA, main effect of genotype, F 1,20 = 5.99, P = 0.024; n = 10-12 mice per genotype). When the light cycle was advanced by 6 h, GSK3-KI animals entrained to the new LD cycle in significantly fewer days than WT mice (means AE SEM: GSK3-KI, 4.75 AE 0.41; WT, 7.4 AE 0.62 days; independent samples t-test, t 20 = À3.677, P = 0.001; Fig. 3C ). There was no difference between GSK3-KI and WT mice in the rate of entrainment to a 6 h delay in the light cycle (means AE SEM: GSK3-KI, 3.5 AE 0.43; WT, 4.8 AE 0.58 days; independent samples t-test, t 9 = 1.836, P = 0.099; n = 5-6 mice per group).
To determine whether the enhanced photic entrainment of GSK3-KI mice was due to increased sensitivity to light outside of the circadian system (i.e. negative masking), we examined acute lightinduced suppression of locomotor behavior in GSK3-KI and WT mice. While maintained in LD, mice were exposed to a 4-h pulse of dim red, dim white or bright white light in the middle of the night (ZT 14-18; Fig. 4A, B) . Negative masking was measured as the percent of activity during the LP relative to amount activity during the same time on the previous day (Fig. 4B ). When exposed to dim red light, the majority of WT mice (5/7) exhibited a slight increase in wheel-running activity, known as positive masking, whereas, in the GSK3-KI group, dim red light decreased activity in 4/7 animals; however, the percent of activity was not significantly different between groups. Furthermore, both genotypes exhibited similar levels of negative masking during the dim-and bright-white light pulses (two-way mixed design ANOVA, main effect of light intensity, F 2,11 = 79.007, P = 0.000; Fig. 4B ).
As an additional measure of non-circadian light processing, we investigated whether there were any gross retinal abnormalities in these mice. Specifically, we performed ERG analysis on GSK3-KI mice (n = 7; Fig. 4C ) and WT controls (n = 6; Fig. 4D ) and found that there were no significant differences between the two mouse lines in any of the parameters of dark-adapted retinal function that were tested (independent samples t-test: a-wave, t 11 = 0.889, P = 0.39; b-wave, t 11 = 0.651, P = 0.53; Fig. 4E ). Light-adapted ERG, designed to isolate cone photoreceptor responses, also demonstrated similarity between WT and GSK3-KI mice (a-wave, t 11 = 0.326, P = 0.75; b-wave, t 11 = 0.359, P = 0.73; Fig. 4E ). Likewise, there were no significant differences in the timing (timeto-peak, means AE SEM: WT, 124 AE 4; GSK3-KI, 116 AE 5 ms; t 10 = 1.359, P = 0.20; n = 6 mice per genotype) or amplitude (means AE SEM: WT, 60.0 AE 14; GSK3-KI, 46.5 AE 5 lV; t 6.1 = 0.913, P = 0.40; n = 6 mice per genotype) of the photopic negative response (PhNR), which represents ganglion cell activity (Fig. 4F) . Overall, the retinas of each mouse line do not appear to be functionally different. Taken together with the negative-masking behavior, these results suggest that the effect of GSK3 on photic entrainment is likely not due to altered retinal function.
We also tested the phase-shifting effects of an acute light-pulse in WT and GSK3-KI mice (n = 7 mice per genotype) using a modified Aschoff type-II protocol (see methods). Briefly, we first measured the phase-angles of mice in two conditions: first, after release into DD with no light exposure (LPÀ; Fig. 5A, B) and second, after reentrainment and release into DD following a 60-min LP (LP+) at ZT 22 (Fig. 5C, D) . As expected, exposure to a late-night LP caused a significant advance in both genotypes (mixed-design ANOVA, main effect of light, F 1,12 = 70.227, P = 0.000; Fig. 5E) .
Surprisingly, the magnitude of the light-induced phase-shift was not different between genotypes (non-significant light 9 genotype interaction, P = 0.692). Instead, the activity onsets of GSK3-KI mice were significantly more advanced than WT mice in both LPÀ and LP+ conditions (main effect of genotype, F 1,12 = 5.360, P = 0.039; Fig. 5E ). Light exposure also significantly shortened the free-running A line was fit to the activity onsets for the last 5 days in LD and days 3-9 in DD. The difference of these fit lines on day 1 in DD was defined as the phase shift. (E-F) Means AE SEM of phase-shift magnitude (E) and free-running period in DD (F) for animals represented in A-B. Panel E: Main effect of light (P < 0.001) and genotype (P < 0.05). Panel F: Main effect of light, (P < 0.005). n = 7 mice per genotype. [Colour figure can be viewed at wileyonlinelibrary. com].
period in DD similarly in both genotypes (mixed-design ANOVA, main effect of light, F 1,12 = 12.242, P = 0.004; Fig. 5F ).
To determine whether the chronic GSK3 activity affected the SCN neurophysiological response to light, we performed targeted loose-patch recordings in SCN slices from light-exposed (LP+) or no-light control (LPÀ), GSK3-KI or WT mice, using the same paradigm as in the previous recordings (Fig. 2) . Because the behavior of GSK3-KI mice was phase-advanced compared to WT mice in both LPÀ and LP+ conditions, we examined the spontaneous SCN activity 2-5 h after light-exposure (ZT 0-3). Overall, SCN firing was significantly increased in GSK3-KI and light-exposed slices (linear mixed-model ANOVA; main effect of light, v 2 (1) = 24.717, P = 0.000; main effect of genotype, v 2 (1) = 9.568, P = 0.002; n = 61-92 cells, 3-6 mice per group; Fig. 6A) ; however, as shown in Fig. 6B and C, timing of light-induced excitability differed between genotypes (three-way interaction, Χ 2 (2) = 7.254, P = 0.027). In WT slices, light exposure did not increase SCN firing until the second hour of recording (LPÀ WT vs. LP+ WT: first hour, P = 0.458; second hour, P = 0.023), whereas in LP+ GSK3-KI slices, the SFR was significantly increased as early as ZT 0 (P = 0.023; Fig. 6C ). Furthermore, in the LPÀ groups, GSK3-KI cells were significantly more excited than WT neurons in the ZT 2-3 time window (P = 0.048). These results suggest that, similar to the advanced behavioral phase-angle (Figs 3C and 5E) , the earlymorning increase in SCN excitability of GSK3-KI mice was advanced in both LPÀ and LP+ conditions.
Discussion
In this study, we present strong evidence that GSK3 activation serves a critical role in photic entrainment and light-induced SCN excitability. Specifically, we found that: (i) acute late-night light exposure activates GSK3b in the SCN, (ii) GSK3 activation is necessary for light-induced neuronal excitability, (iii) mice with constitutively active GSK3 exhibit enhanced photic entrainment despite having normal non-circadian light processing and (iv) locomotor activity onset and the early morning rise in SCN neuronal activity of GSK3-KI animals is phase-advanced in both LPÀ and LP-stimulated conditions. Together, these results support a role for GSK3 activation in transducing persistent increases in electrical activity in the early stages of light-induced phase resetting.
Our first result that GSK3 is activated by late-night light exposure is consistent with another recent report showing a light-induced decrease in the number of pGSK3b positive cells in rat SCN (Cervena et al., 2015) . However, in that study, the change in GSK3b phosphorylation was not observed until 2 h after light exposure as opposed to the data presented here which suggests the change in GSK3 activity occurs more rapidly, as early as 30 min post-LP. These conflicting results are likely due to the numerous methodological differences, including animal species, LP timing and housing condition of the animals prior to experiment (DD vs. LD).
The light-induced reduction in pGSK3b (Fig. 1) appears to be concentrated in core regions of the SCN, with residual pGSK3b remaining in parts of the SCN that exhibit dense expression of vasopressin (Morin et al., 2006) . The AVP-containing regions of the SCN have a considerably lower density of innervation from the retina than the core regions (Abrahamson & Moore, 2001; Lokshin et al., 2015) , and light pulses induce Fos expression primarily in SCN core regions (Karatsoreos et al., 2004) . These data therefore suggest that the observed reduction in GSK3b is largely confined to those parts of the cell that respond directly to retinal input.
The transient activation of other light responsive kinases such as ERK1/2 (Butcher et al., 2003; Cervena et al., 2015) and other MAPKs (Nakaya et al., 2003) parallels the acute molecular response to light (upregulation of Per transcription within 30-60 min; Kuhlman & McMahon, 2006) , but then returns to pre-LP levels within an hour after light exposure. In contrast, GSK3b activation persists for at least 1 h after the LP has ended (Fig. 1) . Glutamate-induced phase-advances in SCN firing rhythms are attenuated when MAPK inhibitors and glutamate are applied simultaneously (Tischkau et al., 2000) . However, we discovered that inhibition of GSK3 as late as 1-2 h after the light stimulus was sufficient to block the increase in SCN firing during the early-phase resetting period. This result demonstrates a need for persistent GSK3 activation, long after other light-responsive kinases have returned to baseline activity levels. Given that light increases the spontaneous firing of Per1-induced neurons 3-5 h after stimulation, it appears that GSK3 activation begins in between the acute molecular phase and the persistent neural activity phase of the early-phase shifting period.
The specific ionic mechanism by which GSK3 promotes lightinduced excitability remains unclear. Our finding that GSK3 inhibition does not block light-induced changes in RMP or R input eliminate K + leak currents as a potential target of GSK3. Furthermore, despite our previous finding that GSK3 regulates daily rhythms in SCN excitability through modulation of a persistent sodium current [I NaP ; (Paul et al., 2016) ], we have found no difference in I NaP magnitude between LPÀ and LP+ SCN neurons during the earlyphase resetting period (ZT 1-3; J.R. Paul, unpublished results), suggesting that I NaP is not involved in light-induced neuronal excitability. Therefore, future work on the electrophysiological response to light could reveal additional ion currents that are regulated by GSK3 within the SCN.
Our finding that GSK3 activation promotes light-induced phaseadvances is supported by the results that mice expressing chronically active forms of GSK3 exhibit rapid re-entrainment to an advance in the light-cycle. Interestingly, the enhanced response to light demonstrated in GSK3-KI mice was specific to circadian behavior, as GSK3-KI mice responded no differently from WT controls in negative masking behavior or in ERG responses under multiple lighting conditions. Conflicting with our data showing normal ERG responses in GSK3-KI mice, previous work has shown a decrease or increase in ERG b-wave amplitude in GSK3b-overexpressing or haploinsufficient mice respectively (Lavoie et al., 2014) . However, in the GSK3-KI mice used here, both isoforms of GSK3 are expressed at physiological levels suggesting that changes in the amount total GSK3 rather than levels of phosphorylation are necessary for changes in retinal function.
In addition to accelerating the rate of photic entrainment, chronic activation of GSK3 also advanced the phase angle of entrainment in wheel-running activity. This finding is consistent with past work showing significant delays in the phase angle of mice fed lithium, a known GSK3 inhibitor (Iwahana et al., 2004) . Typically, the changes in the phase-angle of entrainment are associated with a change in the free-running period under constant conditions. Surprisingly, the free-running periods of GSK3-KI mice were not different from that of WT, despite exhibiting an advanced phaseangle. A recent study has demonstrated that optogenetic stimulation of SCN neurons alone is sufficient to shift both molecular and behavior rhythms, mimicking the effects of a light-pulse (Jones et al., 2015) . Thus, one intriguing explanation for the advanced behavioral rhythms seen in GSK3-KI mice is the elevated SCN neuronal activity also seen in the GSK3-KI animals during the early day. This advanced increase in SCN activity could suggest that the full 24-h neurophysiological rhythm is shifted earlier, corresponding to an earlier behavioral onset. Future work in GSK3-KI animals examining SCN activity throughout the entire circadian cycle could provide more insight into the behavioral phenotype seen in these animals (Paul et al., 2012) as well as further elucidate the connection between neurophysiological and behavioral rhythms.
Taken together, the results of this study provide support for the hypothesis that GSK3 activity promotes light-induced SCN excitability. Previous work on GSK3 regulation of the circadian system has focused predominantly on daily rhythmicity; however, the results presented here strongly suggest that GSK3 is a previously unexplored regulator of photic entrainment as well. GSK3 dysregulation has also been implicated in numerous disorders that have also been associated with chronic light at night, such as depression (Bedrosian et al., 2013) , bipolar disorder, obesity (Fonken et al., 2013; Fonken & Nelson, 2014) , and cancer (Dauchy et al., 2014) . Therefore, a better understanding the of effects of light on GSK3 and its role in regulating SCN neurophysiology could provide new treatment strategies for these disorders in the future.
